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Abstract 
The extraction of environmental pollutants from associated matrices is the first and the most 
important step in an environmental pollution study. Many different methods have been employed in order 
to concentrate organic components from aqueous solution such as liquid-liquid extraction, adsorption on 
solid adsorbents and passage through capillary polymeric columns.   
 
To date, the vast majority of the work with SFE has centered on the extraction of analytes from solid 
matrices. That which has been reported for SFE of aqueous matrices has been performed on a large scale 
such as for waste water treatment.   
  
A supercritical fluid is a material which can be either liquid or gas, used in a state above the critical 
temperature and critical pressure where gases and liquids can coexist. It has the ability to diffuse through 
solids like a gas, and dissolve materials like a liquid since it is able to penetrate anything by changing 
density to a great extent in a continuous manner. Sequential supercritical fluid extraction (SSFE) 
technology is widely used in selective fractionation of crude oil to help provide the effective separation of 
high molecular polycyclic aromatic hydrocarbons (PAHs) and saturated hydrocarbons from oil based 
matrices Sites. This paper is designed to present a state of art on supercritical fluid extraction (SFE) 
technology by treating CO
2
 as super green environmental friendly gas for separation of PAH and 
hydrocarbons in environmental remediation. It shows the merits and demerits of two conventional 
approaches for the extraction of aqueous samples i.e.(1) Liquid matrices that first absorbs it on a solid 
support and (2) direct SEF of matrix using a special extraction cell. Based on comprehensive study at 
Libyan Petroleum Institute (LPI) it finds critical optimum parameters for outstanding performance of SEF 
by using a liquid extraction cell at 2000 to 3000 Psi pressure, 40 
o
C   and 15 minutes extraction time. It 
demonstrates that how sequential supercritical fluid (CO
2
) extraction (SSFE) when applied to 
contaminated soils from diverse sources is capable to elucidate the sorption desorption behavior of high 
molecular aromatic hydrocarbons (PAHs). The method involves five extraction phases that applies 
successively harsher conditions by increasing fluid temperature and density to mobilize target from 
different soil particle. Interesting results from case studies in Libya demonstrate that SEF technology by 
using CO that applies successively harsher conditions by increasing fluid temperature and density to 
mobilize target from different soil particle. Interesting results from case studies in Libya demonstrate that 
SEF technology by using CO that applies successively harsher conditions by increasing fluid temperature 
and density to mobilize target from different soil particle.  
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1.  Introduction  
  
 The extraction of environmental pollutants from associated matrices is the first and the most 
important step in an environmental pollution study. Many different methods have been employed in 
order to extract organic components from aqueous solution such as liquid-liquid extraction, 
adsorption on solid adsorbents and passage through capillary polymeric columns.   
  
To date, the vast majority of the work with Supercritical fluid extraction (SFE) has centered on the 
extraction of analytes from solid matrices. That which has been reported for SFE of aqueous 
matrices has been performed on a large scale such as for waste water treatment 
(1,2)
.   
  
Supercritical fluid extraction of aqueous samples offers a potential approach for the analysis of 
priority pollutants in aqueous environmental samples and drugs/drug metabolites from biological 
fluids 
(3,4)
. There are two approaches for the extraction of aqueous samples by SFE: (1) Liquid 
matrices are first adsorbed onto a solid support (SPE) and then extracted with a supercritical fluid. 
(2) Direct SFE of the matrix using a special extraction cell designed for the purpose.   
  
There are several problems associated with the extraction of compounds from aqueous solution. The 
main problem is that the extraction cell must be of the correct geometry to retain the bulk of the 
water during the extraction process. If the analyte is present at trace levels, the volume of matrix 
must be large to ensure obtaining sufficient quantities of analyte to measure. Another problem is the 
relatively high solubility of water in the supercritical carbon dioxide, which is approximately 0.3 % 
(5)
. For a dynamic extraction, the removal of this small amount of water over time can cause 
problems such as restrictor plugging. Additionally, if the supercritical fluid ( SF) extract is to be 
collected in a non polar solvent a two-phase system can result, thereby making sampling for final 
analysis rather difficult. These problems have been recently partly solved; however, the SFE of 
organics from water is not a routine as SFE of environmental solids.   
  
The dynamic approach appears to be preferred by most workers
 (6)
 since complete extraction of the 
analyte can be expected if enough SF is passed over/through the sample. Loss of extract especially if 
components are highly volatile can be quite common depending upon the accumulation strategy (i.e. 
solvent collection, solid phase deposition, cryofocusing). With correct choice of strategy, 
immobilization of the desired extractant should occur 
(6)
.  
  
The earlier reports on SFE of water samples appeared in the late eighties
(7,8)
, and the first method 
(7)
 
recycled by a pump from the outlet of the extraction cell back into the water sample. After the 
equilibration of the system a sample of the supercritical phase was taken by means of a valve loop. 
The contents of the loop were then analyzed by supercritical fluid chromatography (SFC). This 
system was used for the analysis of di-isopropyl methyphosphonate at a concentration of 834 g l (9)  
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The other approach 
(10,11)
 was based on a sandwich-type phase separator, in which the supercritical 
carbon dioxide and water phases are separated by means of a hydrophobic membrane. Two types of 
membrane were able to with stand the high pressure necessary: PVDF [(-CH
2
-CF
2
-)n] and Delrin [(-
CH
2
-O-)n]. A sample of the separated supercritical fluid was taken by a valve with loop for SFC 
analysis. Phenol and 4-chlorophenol were utilized as test compounds.  
  
separator for the extraction of 4-chlorophenol and phenol from water has been reported 
(11)
. On-line 
reported. Several other organic/water mixtures have been screened by SF-CO
2 
in feasibility tests.  
  
Our main goal of this study centered on the use of supercritical carbon dioxide in order to effect the 
class fractionation of PAHs and saturated hydrocarbons from crude oils in water.  
   
2.  Extraction Cell Design  
   
In this part of our studies was to design an SFE extraction cell that would enable the 
(selective) extraction of crude oils from water samples.  
  
Figure (1) shows the extraction vessel used for our studies was a modified form of the system used 
by Hedric, et. al 
(11,12)
. Basically it was an empty preparative HPLC column (30 cm in length with an 
internal diameter of 8.0 mm) having a capacity of 12 cm
3
. The vessel was subsequently modified for 
use with liquid samples in the following manner. Blind nuts on each end of the column were drilled 
out to a diameter of 1.59 mm. Stainless steel inlet and outlet tubes (1.59 mm i.d) were inserted into 
each end of the column and welded such that the ends of the tubes extended to 1.0 cm
3 
from the top 
and bottom of the column.  
  
 A Gilson HPLC model 811 modified for SFE and SFC was used to supply CO
2
 to the extraction cell 
via a modified HPLC pump (model 303) fitted with a cooling head. The extraction cell was placed in 
a PYE series 104 GC oven. Figure (2) show the plumbing scheme 
(12)
 used, this consisted of three 
port, switching valves (Rheodyne) with an adjustable restrictor to control the back pressure. This 
was fitted with a post restrictor tube which was crimped to aid extract deposition.  
  
 For sample loading, ( Fig. 2-A) the CO
2
 supply line was closed from valve A. About 8 cm
3
 of 
aqueous sample was loaded with a plastic syringe through valve B. During loading the sample valve 
C was opened to atmosphere such that air could be purged from the system as the sample entered. 
T
this system configuration, the need to dismantle the extraction cell for sample introduction/removal 
is neglected.  
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Valves B and C were turned into the on-line positions after loading the sample and supercritical CO
2
 
was supplied by opening valve A as illustrated in Figure (2B) Dynamic extraction was performed 
and analytes were trapped in an organic solvent (dichloromethane) contained in sample vials.   
  
  During the extraction several problems arose which were related to the large volume of gas which 
is produced at the low pressure end of the restrictor. A flow rate of 1.0 cm
3
. min
-1
 of  supercritical 
fluid corresponds to 100-500 cm
3
 min
-1
 of decompressed gas, depending upon the density and nature 
of the SF used. Collection of the analyte in a liquid solvent is especially difficult. Violent bubbling 
of the liquid by the gas can cause sporadic loss of analyte. The cooling of solvent and delivery 
tubing by the Joule-Thompson effect can also produce problems at high flow rates as co-extracted 
water tends to freeze at the tip of the post restrictor delivery tube causing a blockage. To overcome 
these problems associated with extract collection the post restriction tubing was warmed using a 
temperature controlled heater and the organic solvent vials were moderately heated using a water 
bath. To avoid lose of solvent due to bubbling; narrow neck long vials were used for sample 
collection as shown in Figure (3). The amount of solvent in this vial was not more than 1/3 of the 
total volume of the vial. During extraction, solvent loss due to evaporation was compensated for by 
adding more solvent during extraction. At the end, traces of water were removed from the extract by 
passing through anhydrous sodium sulfate.  
 
 
 
 
  
  
 
  
 
 
Fig. 1. Aqueous extraction vessel. 
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                            ( A )                                                                                           
  
Fig.2.Configuration of SFE unit[Sample loading position (A), Extraction position (B) ] 
(12)
. 
 
 
 
 
 
  
  
 
 
                 Figure 3. Solvent trap (slit in the septa allowed CO2 to escape). 
  
  
  
 
 
 
 
 
 
 
 
  
 
  
  
  
                            ( B )                                       
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 3.  Fractionation of saturated and PAHs in crude oil from water   
  
 Polycyclic aromatic hydrocarbons (PAHs) are of great environmental concern due to their toxicity 
and wide distribution 
(13)
. The distribution of PAH in water is dependent on their point sources such 
as spillage of crude oil or refined products from a tanker, drilling areas, storage areas, and terrestrial 
run-off rain water containing PAHs from the air and leachates them from soil, pavements, slag 
dumps, and coal storage piles, contribute to the accumulation of PAHs.  
  
 The usual extraction procedure for PAHs in aqueous sample employs liquid-liquid extraction. This 
technique is often very tedious and time consuming. At the same time, due to the lack of selectivity 
in this method, it is often necessary to include an additional sample clean-up step prior to analysis. 
Consequently, the extraction efficiency of such a method is unsatisfactory. Furthermore, with the 
involvement of the additional steps, the introduction of impurities is inevitable 
(14)
.  
  
 PAHs are one of the most troublesome groups of compounds, because of their poor solubility in 
supercritical fluids, especially compounds with more  benzene rings. The recovery is also strongly 
dependent on the type of matrix. Recovery of PAHs usually decreases with increasing molecular 
weight (decreasing solubility).  
  
Studies of supercritical extraction related to aqueous solutions of organic compounds have 
concentrated on a single-compound extraction. Most environmental pollutants, however, are 
complex chemical mixtures and each component of the mixture affects the solubility and extraction 
parameters of all the other components in the mixture 
(15)
.  
Our studies centered on the use of supercritical carbon dioxide in order to effect the class 
fractionation of PAHs and saturated hydrocarbons from crude oils in water.   
For our work, 500 cm
3
 of distilled water was saturated with 2 cm
3
 of  Bouri crude oil. Extraction 
studies were performed on 8 cm
3
 of this spiked water. All extractions were performed with 100 % 
CO
2
 using the modified Gilson HPLC system described previously. The resulting extracts were 
collected in 2 cm
3
 dichloromethane. After extraction the dichloromethane containing extract was 
passed through anhydrous sodium sulfate and concentrated to 1.0 cm
3 
under nitrogen and then  
analyzed by GC-MS.   
  
4.   Results and Discussion   
  
4.1.   Effect of density  
  
These initial studies were investigated in order to optimize the pressure, temperature and 
extraction time, for the recovery of PAHs from spiked water. Density is an important parameter 
since the solvating power of a supercritical fluid is proportional to its density. SFE conditions were 
shown in Table 1. 
 
Table 1: Supercritical fluid extraction conditions 
 
conditions Values 
 
Pressure 
Temperature 
 
2000, 2500, 2800, 3000, and 3500 Psi 
40 oC 
Extraction time 15 minutes 
Flow rate 2.0 cm3. min-1 
sample volume 8 cm3 
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The extraction profile of Bouri crude oil at different pressures is shown in Figures 4 to 8. The 
extraction temperature was kept constant at 40 
o
C, the pressure was, however, changed stepwise 
from 2000 to 3500 Psi at 15 minute interval which maintaining a constant flow rate of CO
2  
(2.0 cm
3
 
min
-1
). According to the GC-MS profile, the extraction of the saturated hydrocarbons started at a 
relatively low pressure (2000 Psi) as shown in Figure (4) . Examination of this chromatogram, 
revealed that a few minor peaks ( 9 % of total area ) were co-extracted PAHs . Figures 5 & 6 show 
typical GC-MS total ion chromatogram of Bouri crude oil at pressures of 2500 and 2800 Psi. Data 
analysis of these two chromatograms revealed that PAHs start to become extracted at pressure > 
2000 Psi. As expected, progressively higher molecular weight material was extracted at higher 
extraction fluid pressure.   
  
The fraction obtained at 2500 Psi essentially contained alkyl benzene homologues whilst that 
obtained at 2800 Psi contained mainly alkyl naphthalenes.  
  
 The GC-MS analysis of Bouri crude fraction obtained  at pressure 3000 Psi is shown in Figure 7. 
Inspection of the associated mass spectra revealed that a high degree of fractionation of PAHs from 
oil had been achieved.  Figures 9 to 12, shows the m/z (128, 105, 198 and 192) searched which are 
corresponded to Bouri crude oil extracted at pressure 3000 Psi (Fig. 7). The m/z values searched are 
specific for PAH compounds. Figure 8 shows the TIC of all final fraction obtained at pressure 3500 
Psi. Examination of the spectra revealed the presence of some overlap 
 
 
 
 
 
 
 
 
 
                  Fig. 4.  GC-MS (TIC) of Bouri crude oil extracted from water by SFE at pressure 2000 Psi 
 Abdulla Elhenshir and Abeer Subkha /  Energy Procedia  37 ( 2013 )  6964 – 6978 6971
 
  
  
  
  
  
                                 Fig. 5.  GC-MS (TIC) of Bouri crude oil extracted from water by SFE at pressure 2500 Psi  
  
  
  
  
  
 
  
                              
Fig. 6.  GC-MS (TIC)  of Bouri crude oil extracted from water by SFE at pressure 2800 Psi 
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 Fig. 7.  GC-MS (TIC)  of Bouri crude oil extracted from water by SFE at pressure 3000 Psi 
  
  
  
 
                              
  
Fig. 8.  GC-MS (TIC)  of Bouri crude oil extracted from water by SFE at pressure 3500 Psi 
 
 
 
 
 
 
 
Figure 9. .Mass spectra of scan #  504 obtained from (fig. 8) which  represent PAH compound with MW = 128  
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Figure 11.Mass spectra of scan #1183 obtained from (Fig. 8) which represent PAH compound with 
MW = 198  
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Figure 10. Mass spectra of scan #  227 obtained from (Fig. 8) which  represent PAH compound with MW = 
105 
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Figure 12.Mass spectra of scan #  1294 obtained from (Fig. 8) which represent PAH compound with MW =
192
Figure 13 shows the effect of extraction pressure on the overall recovery of crude oil from
water. At low pressure ( 2000 Psi) the rate of extraction was low; only 35.3 % of crude oil was
recovered using a volume of 30 cm3 of supercritical CO2. Higher rates of extraction and recoveries
were achieved at greater pressures using the same volume of extraction medium. Consequently, we
concluded that more efficient extraction and better recoveries could be obtained at higher pressure.
Fig. 13.  Effect of pressure SFE of Aqueous matrix.
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Figure 14 shows the percentage of saturate and aromatic hydrocarbons recovered at different 
pressures from water spiked with Bouri crude. It can be seen that the saturates are the most abundant 
class present in this particular crude, ranging from 38.5 to 90.8 %. The aromatic species range from 
9.2 to 61.5 % overing  the experimental pressure range used. It is important to note however, that the
recovery maxima for each hydrocarbon class occurs at significantly different extraction pressures,
thus indicating that a degree of class selectivity was achieved. From our results a pressure of 3000
Psi maximized PAH recovery and minimized saturate recovery.
2000
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70
80
90
100
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essure (Psi)PrAr
ea
 %
Fig. 14.  Percent amount of saturated and aromatic of extracted Bouri crude oil at various pressures.
4.2. Effect of extraction temperature 
The second SFE parameter that was investigated with the system was the extraction 
temperature. SFE was performed under the conditions shown in Table 2.
Table 2 Shown the temperature conditions used:
Conditions Value
Pressure
Temperature
3000 Psi
40 oC, 60
o
C and 70 
o
C 
Extraction time 15 minutes
Flow rate 2.0 cm3. min-1
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The fraction obtained at a temperature of 40 
o
C 
(15)
 was shown to consist of a high percentage of 
alkyl aromatic species ( 70.6 %). However, fractions obtained at both 60 
o
C and 70 
o
C (Figures. 15 
and 16) were shown to contain insignificant amounts of PAH. This behavior is too complex to be 
interpreted exactly; it may be due to the competing effects between the solvent density and solute 
volatility 
(16)
. As temperature increases, solvent density decreases and solute volatility increases. The 
decrease in the solvent density decreases the solubility of a given solute molecule in the extract 
phase. This phase behavior of crude oil-CO
2
 mixture may be related to changes in partial molar 
volumes and intermolecular forces between hydrocarbons in the vicinity of the critical point of the 
CO
2
 
(17)
. However increases in temperature produced a decrease in overall oil recovery (Fig. 17).  
  
  
  
 
Fig. 15. GC-MS (TIC)  of Bouri crude oil extracted from water by SFE at temperature 
                 60 
o
C and constant  pressure 3000 Psi  
  
 
 
 
 
                 Fig. 16. GC-MS (TIC)  of Bouri crude oil extracted from water by SFE at temperature 
                70 
o
C and constant pressure 3000 Psi.   
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Fig. 17. Effect of temperature SFE of Aqueous matrix.
4.3.Effect of extraction time
The extraction time is an important factor in SFE. A spiked water sample was extracted for 15 
minutes after which the CO
2
supply line was closed and the remaining CO
2
in the system allowed to
gradually escape. The extract collection vial was then replaced with a fresh vial containing
dichloromethane (2 cm
3
). The cell was then re-extracted for a further 15 minutes after which the
procedure was repeated once more resulting in the acquisition of three extraction vials containing
cumulative quantities of analyte.
GC-MS analysis of the three resulting fractions indicated that PAH recovery maximized within the
first 15 minutes of extraction as shown in Figure 18.
Fig. 18. Effect of extraction time SFE of Aqueous matrix.
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5. Conclusion:  
 
 These studies indicate that the optimized parameters for the extraction of crude oil using  aqueous 
SFE system are:  
  
  Pressure e:   3000 Psi  
  Temperature:   40 
o
C  
  Extraction time:  15 minutes  
  Flow rate:   2 cm
3
. min
-1 
 
  
It is concluded that PAHs can be fractionated from distilled water by SFE using a liquid extraction 
cell. For extraction purposes, 2000 and 3000 Psi is the most suitable pressures for the class selective 
fractionation of saturated and aromatic hydrocarbons respectively. Other optimized parameters are 
temperature and extraction time, which were 40 
o
C and 15 minutes respectively.   
  
To overcome the main problems associated with collecting the analytes, the restrictor plugging 
problems have been recently partly solved by warming the restrictor using a temperature controlled 
heater. To avoid loss of solvent due to bubbling, narrow neck long vial capped with septum was 
used for sample collection.  
  
The initial results here indicated that the technique may have promise for analytes which are 
insoluble in water and also in the case where direct injection onto a liquid chromatography of 
aqueous media may be hazardous. Further work must center on the trapping system, the 
extractability of analytes at lower concentrations as well as a study of the effects of salinity on 
extraction behavior.  
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